needed for alcohol/acetaldehyde metabolism. Results: Chronic alcohol feeding caused many mitochondrial alterations, such as increased mitochondrial respiration, that enhanced acetaldehyde metabolism. Conclusion: Mitochondria in the liver adapt to the metabolic stress of alcohol. Significance: Mitochondrial alterations may play a role in many vital functions of the liver.
SUMMARY
Liver mitochondria undergo dynamic alterations following chronic alcohol feeding to mice. Intragastric alcohol feeding to mice resulted in: 1) Increased state III respiration (109% compared to control) in isolated liver mitochondria, likely due to increased levels of complexes I, IV and V being incorporated into the respiratory chain. 2) Increased mitochondrial NAD + and NADH levels (~2 fold), with no change in the redox status. 3) Alteration in mitochondrial morphology, with increased numbers of elongated mitochondria. 4) Enhanced mitochondrial biogenesis in the liver, which corresponded with an upregulation of peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α). Oral alcohol feeding to mice, which is associated with less liver injury and steatosis, slightly enhanced respiration in isolated liver mitochondria (30.8% compared to control), lower than the striking increase caused by intragastric alcohol feeding. Mitochondrial respiration increased with both oral and intragastric alcohol feeding despite extensive Nacetylation of mitochondrial proteins. The alcohol-induced mitochondrial alterations are likely an adaptive response to enhance alcohol metabolism in the liver. Isolated liver mitochondria from alcohol-treated mice had a greater rate of acetaldehyde metabolism and respiration when treated with acetaldehyde than control. Aldehyde dehydrogenase-2 levels were unaltered in response to alcohol, suggesting that the greater acetaldehyde metabolism by isolated mitochondria from alcohol-treated mice was due to increased mitochondrial respiration that regenerated NAD + , the rate limiting substrate in alcohol/acetaldehyde metabolism. Overall, our work suggests that mitochondrial plasticity in the liver may be an important adaptive response to the metabolic stress caused by alcohol intake, and could potentially play a role in many other vital functions performed by the liver.
Mitochondria are very dynamic and adaptive organelles that alter in response to stress and metabolic changes. In skeletal muscle, it has been shown that the energy demands of acute or chronic exercise causes mitochondrial biogenesis, and remodeling (i.e. increased components of the mitochondrial respiratory chain and proteins involved in β-oxidation) (1) (2) (3) . Alteration in metabolic fuels, such as increased fatty acid intake, also increases mitochondrial biogenesis and β-oxidation capacity in muscle cells (4) . Mitochondrial biogenesis and remodeling in most cells is mediated through peroxisome proliferatoractivated receptor gamma coactivator-1α (PGC-1α), the master regulator of mitochondria. PGC-1α knockout mice have decreased levels of many key mitochondrial proteins (i.e. cytochrome c, ATP synthase, cytochrome oxidase (COX)) (5, 6) , while overexpression of PGC-1α promotes mitochondrial biogenesis (7) . "Mitochondrial plasticity" has been used to describe the dynamic and adaptive nature of mitochondria in muscle cells (8, 9) . A different type of dynamic adaptation in mitochondria involves morphological changes due to alteration in mitochondrial fusion-fission rates. Mitochondria constantly undergo fusion and fission to exchange mtDNA, proteins and other constituents (10, 11) . Stress can dramatically alter fusion-fission rates and consequently mitochondrial morphology. In embryonic fibroblasts, starvation causes a decrease in mitochondrial fission to produce elongated mitochondria that are more resistant to mitophagy (mitochondrial autophagy) and have a greater cristae surface area, thereby greater mitochondrial respiration (12) . Mitochondrial plasticity has been characterized in muscle and cell lines, but has not received much attention in other organs, such as the liver. As the major organ that regulates metabolism in the body, mitochondrial plasticity may be an important adaptive phenomenon in the liver in response to stress and metabolic changes.
The liver is the major organ responsible for metabolism of alcohol, with mitochondria playing a central role in the process. Alcohol is metabolized primarily by two enzymes in the liver, alcohol dehydrogenase (ADH) in the cytoplasm and aldehyde dehydrogenase 2 (ALDH2) in mitochondria, respectively (reaction 1 and 2). (2) Both ADH and ALDH2 are kinetically limited by NAD + , with the levels of NAD + being dependent on mitochondrial respiration, which oxidizes NADH to NAD + (13) (14) (15) . The liver adapts to alcohol and develops an enhanced capacity to metabolize alcohol following feeding (13, 16, 17) . This enhanced capacity to metabolize alcohol is associated with increased oxygen uptake by the liver (13, 18, 19) , suggesting that there is greater mitochondrial respiration in these hepatocytes. ADH and ALDH2 levels do not change with alcohol feeding, suggesting that adaptation to alcohol occurs through mitochondrial alterations or other pathways (15) (16) (17) . Could mitochondria in the liver undergo plasticity changes to help enhance alcohol metabolism? Some studies of alcohol feeding in mice have hinted that mitochondrial alterations may occur as the liver adapts to alcohol. One study showed some enhancement of mitochondrial respiration in the liver of mice fed alcohol orally (20) , while another study found that alcohol feeding to mice increases complex I levels in liver mitochondria (21) . These studies suggest that chronic alcohol feeding to mice may trigger mitochondrial alterations as an adaptive response, which needs to be further explored.
Most of the evidence concerning mitochondrial respiration changes in response to alcohol has been carried out in rats using the Lieber-DeCarli oral diet. Oral alcohol feeding to rats results in a decline in mitochondrial respiration (state III) and the respiratory control ratio (RCR; defined as state III/state IV) in isolated liver mitochondria (22) (23) (24) . The decline in mitochondrial respiration is accompanied by a decline in respiratory complex proteins in the liver of rats fed alcohol orally (25, 26) . This suggests alcohol feeding to mice and rats may induce different types of mitochondrial alterations in the liver. The species difference in response to alcohol is not completely surprising, since rats and mice differ in their sensitivity to alcohol, with mice being more susceptible to alcohol-induced liver injury than rats. In addition, our lab has shown differences in alcohol-induced ER stress response between rats and mice, due to the differential expression of betaine homocysteine methyltransferase (BHMT) (27) . In addition to species differences, we must also consider that mitochondrial changes in the liver may also be affected by the doses of alcohol administered. Mice and rats do not consume high amounts of alcohol. Oral alcohol administration (Lieber-DeCarli oral diet) to mice and rats therefore only produces mild liver injury and fatty liver (steatosis), pathology associated with mild or moderate alcohol intake in humans (28) . The intragastric alcohol infusion model, on the other hand, infuses high doses of alcohol into the stomach of rats and mice, and therefore produces more severe liver injury with pathophysiologic features, such as fibrosis and inflammation, that are observed in human alcoholics (29, 30) . To our knowledge there have been no studies performed investigating changes to liver mitochondria following intragastric alcohol feeding in any animal models.
In this study, we investigated the effects of alcohol, administered both orally and intragastrically, on mitochondria respiration in mice. We focused on the mouse model, where mitochondrial alterations following oral or intragastric alcohol feedings have not been extensively explored. The hypothesis that liver mitochondria respond to the increased demands of alcohol metabolism by undergoing adaptive plastic changes was examined in this work.
EXPERIMENTAL PROCEDURES
Animals-Male C57BL/6J mice (8 weeks of age) were obtained from Jackson Laboratory (Bar Harbor, ME), while Wistar rats (150 g) were obtained from Charles Rivers (Wilmington, MA). The animals were housed in a temperature-controlled room and were acclimatized for a minimum of 3 days prior to use in experiments. Blood was obtained after mice were anesthetized at the indicated time periods and serum alanine transaminase (ALT) was measured at the USC Pathology Reference Laboratory. All animals received care according to the methods approved under institutional guidelines for the care and use of laboratory animals in research. Oral alcohol feeding -Mice and rats were fed a commercially available liquid diet (Bioserve, NJ), to which ethanol was added to yield a 5.4% (w/v) dose. Pair feeding was done to a control animal by feeding the equal amount consumed by ethanol-fed mice and rats except that ethanol was isocalorically replaced with dextrin. Intragastric alcohol feeding-Intragastric alcohol fed mice and control mice were provided by the Southern California Research Center for ALPD and Cirrhosis. Male C57 BL/6 mice (8 weeks) were implanted with a long-term gastrostomy catheter for alcohol infusion as previously described (29, 30) . Briefly, after 1 week of acclimatization, mice were infused with a controlled high fat diet with or without alcohol. Alcohol infusion was initiated at a dose of 22.7 g/kg/day, and gradually increased. Alcohol accounted for ~ 32.9% of the total caloric intake after 1 week of intragastric alcohol feeding. By 4 weeks of intragastric alcohol feeding, alcohol accounted for ~ 38.4% of the total caloric intake.
Mitochondrial
isolation and respiration measurements Isolation of liver mitochondria -Liver mitochondria from oral fed mice and rats were isolated using differential centrifugation as previously described (31) . Liver mitochondria from intragastric mice were isolated by differential centrifugation, or percoll discontinuous gradient as previously described (32) . No differences in mitochondrial respiration were observed between the two methods. Differential centrifugation -Livers were excised, washed with 0.25 M sucrose and homogenized in an H-medium (210 mM mannitol, 70 mM sucrose, 2 mM HEPES, 0.05% bovine serum albumin (w/v), plus protease and phosphatase inhibitors. The homogenate was centrifuged at 850 g for 10 minutes, the pellet was removed, and the centrifugation process was repeated. The resulting supernatant was centrifuged at 8,500 g for 15 min. The supernatant ("cytoplasmic fraction" -postmitochondrial S9 fraction) was collected and saved at -80 o for future analysis. The pellet, which represents the mitochondrial fraction, was washed with H-medium and the centrifugation was repeated. The mitochondria were resuspended in H-medium without BSA before oxygen electrode and Western blot analyses. Discontinuous Percoll gradient -Livers were excised, washed, and homogenized in isolation buffer (H-medium) using a loose Teflon pestle. The homogenate was centrifuged at 1000 g for 10 min at 4°C, the pellet was removed, and the centrifugation process was repeated. The resulting supernatant was centrifuged at 9,000 g for 15 min to generate the mitochondrial pellet. The mitochondrial pellet was dissolved in isolation buffer containing 18% Percoll and centrifuged at 10,000 g for 10 min. The mitochondrial pellet was gently removed from the Percoll solution and layered on top of three discontinuous Percoll gradient tubes (18%, 30%, 60%). The Percoll gradient was spun at 30,700 g for 5 min at 4°C. The mitochondrial layer, which resides in the interface between 60% and 30% Percoll was carefully removed using a pipette and suspended in isolation buffer. To remove the Percoll, mitochondria were spun at 10,000 g for 10 min, washed, and the process was repeated twice. Mitochondria were suspended in isolation buffer (without BSA) before respiration measurements. Immunoblotting of isolated liver mitochondria showed minimal cytoplasmic contamination (actin), enrichment of complex IV, and some ER contamination (calnexin) (data not shown). Some ER is attached to mitochondria, so ER contamination always occurs to some degree with isolation of mitochondria. Measurements of respiration in isolated mitochondria -Respiration was measured in freshly isolated mitochondria by monitoring oxygen consumption with a Clark-type electrode (Hanstech, UK) in respiration buffer containing 230 mM mannitol, 70 mM sucrose, 30 mM TrisHCl, 5 mM KH 2 PO 4 , 1 mM EDTA, pH 7.4 (33) . Isolated mitochondria (0.50-0.70 mg) were added to 1ml of respiration buffer and oxygen consumption was monitored in the presence of mitochondrial substrates (glutamate/malate 7.5 mM -complex I substrates; succinate 7.5 mMcomplex II substrates) with or without ADP (250 mM). In some experiments acetaldehyde (125 -375 mM) was used as substrate (complex I) for mitochondrial respiration measurements (15) .
Electron microscopy and histology
Electron microscopy -Small pieces of freshly isolated liver (< 2mm
3 ) from control and alcohol treated mice were immersed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4, and stored at 4 o C for 1-3 weeks. Tissues were then washed in 0.1 M sodium cacodylate, post-fixed with 1% OsO4 in 0.1 M sodium cacodylate for 1 h, stained en bloc in 3% uranyl acetate in 0.1 M sodium acetate buffer, dehydrated through a series of ethanol washes, and infiltrated and embedded in Spurr's (1969) plastic. Thick sections were stained with methylene blue, examined with a Zeiss Labrolux brightfield microscope and photographed using a Spot Insight digital camera. Hepatocyte areas were measured using Vistametrix software. For transmission electron microscopy (TEM), thin sections (70 nm) of the same blocks were examined by LM stained with lead citrate, and examined with a Zeiss EM109 TEM. Measurement of mitochondrial major and minor axes and mitochondrial density in electron microscopy scans -Mitochondrial major and minor axes and density in vivo were measured using the Image J program from NIH. In hepatocytes, the major and minor axes in each mitochondrion (50-100 mitochondria in 5-7 different fields) were measured using the measurement function of Image J. For mitochondrial density measurements, each mitochondrion and the total cytoplasmic area (nucleus area was subtracted) were traced by hand to estimate the percentage of the cytoplasm that mitochondria occupied (10 hepatocytes per alcohol and control mice). Estimation of hepatocyte size -Hepatocyte size was estimated in H&E stained liver sections using Image J from NIH. The area for each hepatocyte was traced by hand and calculated in mm using a ruler as reference. Measurements were made in 5 random slide sections (~ 40-50 hepatocytes counted in each slide) in alcohol and control mice (n = 4-5 mice).
Immunoblotting and biochemical assays
Immunoblotting -Aliquots of cytoplasmic or mitochondrial extracts were fractionated by electrophoresis on 8-12% SDS polyacrylamide gels (Biorad, Hercules, CA). Subsequently, proteins were transferred to nitrocellulose or PVDF membranes and blots were blocked with 5% (w/v) nonfat milk dissolved in Tris-buffered saline (TBS) with Tween-20. Complex I (NDUFS3 subunit), II (SDHA subunit), complex III (subunit 1), V (a subunit), cytochrome c, and MCAD antibodies were obtained from Mitosciences (Eugene, OR). Complex IV, Nacetylation, actin, and prohibitin-1 antibodies were obtained from Cell Signaling Technology (Danvers, MA). Antibodies to aldehyde dehydrogenase 2 and PGC-1α were obtained from Abcam (Cambridge, MA). The antibody to glutamate dehydrogenase (GLUD) was obtained from Santa Cruz (Santa Cruz, CA) and TFAM antibody was obtained from Avia Systems Biology (San Diego, CA). All blots shown are representative samples from 3-7 experiments. Densitometry was performed using Image J program from NIH and normalized for complex III for mitochondrial proteins and actin for cytoplasmic proteins. Acetaldehyde metabolism -Acetaldehyde metabolism was measured by using an NADH coupled assay. Isolated liver mitochondria (500 mg) from intragastric alcohol fed and control mice (2 weeks treatment) were treated with acetaldehyde (188 or 250 mM) plus ADP (250 mM). After 5 minutes of incubation, mitochondria were centrifuged (10, (34) in intragastric (2 weeks) and oral alcohol (5 week) fed mice. Briefly, liver homogenate and isolated mitochondria were homogenized in buffer (0.06 M KOH, 0.2 M KCN and 1 mM bathophenanthroline disulfonic acid) followed by chloroform extraction. Chloroform extraction was carried out by centrifugation at 14,000 rpm in a microcentrifuge at 4°C; the resulting aqueous supernatant with soluble pyridine nucleotides was collected and extracted thrice to remove lipids and proteins. Finally, it was filtered with a 0.45 µm positively charged filter (Pall Life Sciences) to remove RNA and DNA in a microcentrifuge at 4°C. The mobile phase consisted of 0.2 M ammonium acetate (buffer A) at pH 5.5, and HPLC-grade methanol (buffer B). A gradient program with initial conditions as 100% buffer A and 0% buffer B was set. From 0-4 min, 0 to 3% B and from 4-23 min, 3-6.8 % B, followed by washing the column with 50% A and 50% B and re-equilibrated to initial conditions for the next run. Quantitation of pyridine nucleotides was performed by integrating the peaks and adding the cyanide adducts as detected by the fluorescence spectrophotometer (l exc = 330 nm; l em = 460 nm). Statistical analyses: Statistical analyses were performed using the Student's t test for unpaired data or ANOVA for comparison of multiple groups. P < 0.05 was defined as statistically significant.
RESULTS

Effects of chronic alcohol feeding on mitochondrial respiration in mice and rats
Mitochondrial respiration was measured in isolated liver mitochondria following alcohol feeding to mice and rats. The feeding of alcohol to mice, both orally and intragastrically, caused increased state III respiration (respiration in the presence of substrates and ADP) in isolated liver mitochondria ( Figure 1 ). Mice fed alcohol orally (Lieber-DeCarli diet) had a statistically significant increase in state III respiration with complex I substrates, glutamate/malate (29.8%) or complex II substrate, succinate (30.8%) treatment of isolated liver mitochondria ( Figure  1A ,B,C). State IV respiration (substrate without ADP) and the respiratory control ratio (RCR; state III/state IV) were not significantly altered. The increase in state III respiration in isolated liver mitochondria was more pronounced when alcohol was given intragastrically to mice for 4 weeks ( Figure 1D ,E,F). Mice fed alcohol intragastrically had a statistically significant increase in state III respiration with glutamate/malate (85.3%) and succinate (86.9%) compared to control mitochondria. State IV respiration also increased, while the RCR did not significantly change. The intragastric feeding of alcohol caused greater hepatomegaly (increased size), as shown by increased liver weight, and liver/body ratio (8.75% for intragastric alcohol fed mice, 5.78% for oral alcohol fed mice, 3.78% for oral rats), accompanied by greater liver injury, manifested as increased serum ALT (Table 1) . In contrast to mice, oral alcohol feeding of rats (LieberDeCarli diet; 6 weeks) caused a decline in state III respiration; 26.7% decline in respiration using glutamate/malate and a 42.1% decline in respiration occurred using succinate compared to control rats (data not shown), in close agreement with previously published results (22) (23) (24) . These data suggest that the mitochondrial response to alcohol in rats and mice is dramatically different. Interestingly, mitochondrial state III respiration was the highest in animals with the greatest amount of liver injury (ALT levels).
Time course of mitochondrial and liver changes following intragastric alcohol feeding to mice
A time course of liver injury and mitochondrial respiratory changes were examined in mice following intragastric alcohol feeding. Figure  2A shows that an increase in state III respiration in isolated liver mitochondria, using either glutamate/malate or succinate as substrate, occurred even after only 1 week of intragastric alcohol feeding. State III respiration in isolated liver mitochondria following intragastric alcohol feeding appeared to peak at 2 weeks, with state III respiration from alcohol-treated samples being 109% (glutamate/malate) and 97.4% (succinate) increase versus control mice. State IV respiration and RCR also peaked at 2 weeks following intragastric alcohol feeding (data not shown). Increases in liver size also began early, with liver/body ratios peaking after 2 weeks of intragastric alcohol treatment ( Figure 2B ). Serum ALT levels began to increase after 1 week of intragastric alcohol feeding and increased with time ( Figure 2C ). These data suggest that an increase in mitochondrial respiration is an early event in the liver following intragastric alcohol feeding.
Alcohol feeding alters respiratory complex proteins levels in liver mitochondria
We next investigated the mechanism(s) underlying the increase in mitochondrial respiration in mouse liver induced by intragastric and oral alcohol feeding. The protein levels of respiratory complexes in the electron transport chain play an important role in determining the respiration rate of mitochondria. The levels of complex I (NDUFS3 subunit), complex II (SHDA subunit), complex III (subunit 1), complex IV (subunit IV), and complex V (a subunit), all essential subunits necessary for function of the respiratory complexes, were examined. Levels of complex I, IV and V increase after 2 weeks of intragastric alcohol feeding when state III respiration is maximal ( Figure 3 ). Blue native stained gels served as loading controls (data not shown). Levels of complex III showed no change in response to alcohol feeding, and therefore was used as the reference in all densitometry measurements. The levels of complex I and V significantly increased after 2 weeks of intragastric alcohol feeding, while complex IV showed a notable increase even after only 1 week of alcohol feeding. Levels of complex II also trended towards an increase at all time points, but the increase was not statistically significant. Protein levels of the mitochondrial matrix proteins, glutamate dehydrogenase (GLUD), important in forming NADH using glutamate as a substrate, showed no change by guest on October 5, 2017 http://www.jbc.org/ Downloaded from following intragastric alcohol feeding. Overall, the selective up-regulation of complexes I, IV, and V in the respiratory chain may contribute to the observed increase in mitochondrial respiration in the liver of intragastric alcohol fed mice. In oral alcohol fed mice, where mitochondrial respiratory increases were modest, levels of only complex I was enhanced (Figure 3) .
Effect of alcohol feeding on NAD + -NADH levels and redox status in liver homogenate and mitochondria
Because NAD+ is the rate limiting substrate in alcohol metabolism, NAD + -NADH levels and redox status were examined in liver homogenate and mitochondria following alcohol feeding, both oral and intragastric. Intragastric alcohol feeding did not alter NAD + , NADH, total NAD + -NADH levels, or the NAD + /NADH ratio in the liver homogenate ( Figure 4A ). However, in isolated mitochondria from intragastric alcohol fed mice, NAD + and total NAD + -NADH levels (nmoles per mg mitochondrial protein) were increased more than two fold. The NAD + /NADH ratio was not significantly altered in liver mitochondria of mice fed alcohol intragastrically. Similarly mice fed alcohol orally had a significant increase in NAD + and total NAD + -NADH levels in isolated mitochondria, but not in the liver homogenate ( Figure 4B ). There was a 73.4% increase in NAD + -NADH levels in liver mitochondria following oral alcohol feeding compared to control, which was lower than the 132% increase in mitochondrial NAD + -NADH levels in intragastric alcohol fed mice. Oral alcohol feeding did not significantly alter the NAD + /NADH ratio in isolated liver mitochondria. Overall, an increase in mitochondrial NAD + -NADH levels is the major effect observed with alcohol feeding, both oral and intragastric.
N-acetylation of mitochondrial proteins in the liver following alcohol feeding
Feeding alcohol orally to mice and rats has been shown to increase N-acetylation of mitochondrial proteins (35, 36) . N-acetylation of mitochondrial proteins, including the respiratory complexes, is generally considered inhibitory (37) . We examined if intragastric alcohol feeding to mice similarly increased Nacetylation of mitochondrial proteins. Figure 5 demonstrates that there was a time dependent increase in N-acetylation of mitochondrial proteins that peaked at 4 weeks. Oral alcohol feeding caused extensive N-acetylation of mitochondrial proteins, but at lower levels than observed with intragastric alcohol feeding. Alcohol feeding therefore enhances mitochondrial respiration in the liver despite extensive N-acetylation of mitochondrial proteins.
Effect of intragastric alcohol feeding on mitochondrial morphology and density in hepatocytes
Intragastric alcohol feeding also altered mitochondrial morphology in hepatocytes in vivo. Figure 6A shows that the shape of mitochondria in the liver of control mice were mainly round or oval. With intragastric alcohol feeding, a greater diversity of mitochondrial shapes were observed, including increases in elongated tubular mitochondria. The larger tubular mitochondria were mainly observed in hepatocytes where lipid droplets were prominent. The increased diversity of mitochondrial shape with intragastric alcohol feeding was confirmed by plotting the major axis (length) and minor axis (width) of mitochondria ( Figure 6B ). The major and minor reference lines on the graph represents the averages for control mitochondria. Intragastric alcohol feeding increased the distribution of mitochondrial shape with the number of elongated mitochondria increasing (lower right quadrant -control 23.5% versus alcohol 35.5%). Very elongated mitochondria (major axis > 2.5 µm) were rare in control mice, but became more frequent with intragastric alcohol feeding. The number of smaller round mitochondria also increased with alcohol feeding (lower left quadrant -control 26.9% versus alcohol 47.1%). Mitochondria from intragastric alcohol fed mice were thinner overall (minor axis diameter; control = 0.86 + 0.10 µM versus alcohol = 0.66 + 0.11 µM). Alcohol feeding altered mitochondrial length distribution, but the average length did not change (major axis diameter; control = 1.14 + 0.06 µM versus alcohol = 1.19 + 0.09 µM).
Intragastric alcohol feeding altered mitochondrial morphology in the liver, but mitochondrial density in hepatocytes in vivo remained unaltered. The total percentage of cytoplasm (cell area minus nuclear area) that mitochondria occupied was observed to be 18.4% + 2.9 for intragastric control and 20.8% + 5.4 for intragastric alcohol fed mice. Oral alcohol feeding did not significantly alter mitochondria morphology ( Figure 6A bottom panels) or density (data not shown).
Intragastric alcohol feeding increases the number of mitochondria per hepatocyte in vivo
Although the density of mitochondria in hepatocytes did not change following intragastric alcohol feeding, hepatocyte size increased with intragastric alcohol feeding ( Fig  7A and B) . Following 2 weeks of intragastric alcohol feeding, hepatocyte size increased ~75 percent compared to controls. This finding is in agreement with previous findings, which showed that hepatocyte size increases with alcohol treatment, due to increased accumulation of proteins such as albumin (38, 39) . If alcohol treatment is causing hepatocyte enlargement without changing mitochondrial density, then the number of mitochondria per hepatocyte and per liver must increase. Although not a perfect sphere, the volume equation of a sphere (4/3 x pi x r 3 ) is the best method to approximate the volume of hepatocytes. Based on measurements of mitochondrial density and hepatocyte area and using the equation of the sphere, the total volume of mitochondria in hepatocytes was estimated to be ~ 2.78 times greater in alcoholtreated mice than in control mice. The actual mitochondria yield (mg mitochondria protein/liver), was 6.32 + 0.64 for control mice and 14.9 + 2.97 for intragastric alcohol fed mice. Thus, the mitochondrial protein yield was 2.35 fold greater with alcohol feeding, which was close to the 2.78 fold increase predicted by the volume calculations. The dramatic increase in mitochondria yield per liver with alcohol feeding can be primarily attributed to the fact that livers from alcohol fed mice were significantly larger. However, even calculating for a greater liver size, intragastric alcohol feeding significantly increases mitochondria protein levels per gram of liver ( Figure 7C ; 9.5 + 1.7 mg/g for alcohol versus 6.94 + 0.61 for control). No differences in hepatocyte size and mitochondria yield were observed between oral alcohol fed and pair-fed control mice (data not shown).
Intragastric alcohol feeding increases PGC-1α levels in the liver of mice
We next examined whether PGC-1α, the master regulator of mitochondrial biogenesis, was altered by intragastric alcohol feeding in mice. PGC-1α levels in the liver exhibited a time dependent increase beginning at one week with intragastric alcohol feeding ( Figure 8A ), in concert with a previous finding that suggests intragastric alcohol feeding increases PGC-1α mRNA levels (40) . The expression of PGC-1α-regulated proteins, transcriptional factor A (TFAM), medium chain acyl-CoA dehydrogenase (MCAD), and cytochrome c were all significantly increased with intragastric alcohol feeding ( Figure 8B ). TFAM, a key mitochondrial transcription factor that is encoded in the nucleus through action of PGC-1α, increased significantly (densitometry of TFAM/complex III ratio: week 1 -control = 12.1 + 3.2 versus alcohol = 17.5 + 2.2*; week 2 -control = 10.7 + 4.0 versus alcohol = 20.6 + 3.8*; week 4 -control = 13.1 + 4.2 versus alcohol = 24.1 + 3.1*; N = 4, mean + SD, * p < 0.05 versus control) in isolated liver mitochondria, suggesting intragastric alcohol feeding enhances mitochondrial transcriptional activity in the liver. Similar significant increases in densitometry measurements of MCAD and cytochrome c were observed in intragastric alcohol fed mice at all time points (calculations not shown). Taken together our data suggest that increases in PGC-1α protein levels may underlie increase expression of mitochondrial proteins and mitochondrial biogenesis with intragastric alcohol feeding.
MCAD is a key mitochondrial protein involved in β-oxidation that produces FADH 2 consumed by the respiratory chain. Intragastric alcohol feeding increased MCAD levels suggesting that β-oxidation may also be increased with alcohol feeding. To test the effect of alcohol feeding on β-oxidation in mitochondria, isolated liver mitochondria from alcohol fed and control mice were incubated with octanoate, a medium chain fatty acid. Mitochondrial respiration on octanoate was greater in intragastric alcohol fed mice compared to control (Figure 8C) , suggesting an enhanced β-oxidation capacity with alcohol feeding.
Intragastric
alcohol feeding increases acetaldehyde metabolism in isolated liver mitochondria Finally, we examined the possibility that increased mitochondrial respiration could enhance alcohol metabolism in the liver. Acetaldehyde can act as a mitochondrial substrate since ALDH2 generates NADH that feeds into complex I of the respiratory chain (15), similar to glutamate/malate, and pyruvate. Previous studies have shown that acetaldehyde metabolism is limited by the rate of NAD + regeneration in the electron transport chain, and thus is coupled to mitochondrial respiration. Therefore, we measured state III and IV respirations using acetaldehyde as a substrate with isolated liver mitochondria. In intragastric alcohol fed mice, we observed an enhanced state III respiration (~ 71 -141% depending on dose) using acetaldehyde ( Figure 9A ). Isolated liver mitochondria from intragastric alcohol fed mice also had a higher RCR than control mitochondria ( Figure 9B ). Both state III respiration and RCR declined at high concentrations of acetaldehyde, an effect that was more prominent in mitochondria from control mice.
At high concentrations, acetaldehyde may be damaging components of the respiratory chain as well as uncoupling respiration (15) . Mitochondria from mice fed alcohol intragastrically seem more resistant to acetaldehyde-induced damage than control mitochondria, as their RCR remained elevated even with 375 mM acetaldehyde. Mice fed alcohol orally also had an increase in state III respiration and RCR using acetaldehyde ( Figure  9C, 9D ), but these rates were lower than those observed with isolated mitochondria from intragastric fed mice. Alcohol feeding, both intragastric and oral, increased the capacity of isolated liver mitochondria to metabolize acetaldehyde ( Figure 9E ), corroborating respiration measurements. These data demonstrate that mitochondria from alcohol fed mice can metabolize acetaldehyde at a greater rate than control mitochondria because of an enhanced respiratory capacity.
The increased acetaldehyde metabolism in isolated mitochondria from alcohol treated mice is likely due to increased mitochondrial respiration that regenerates NAD + , faster due to increased levels of complexes I, IV and V and increased total NAD + -NADH levels in isolated liver mitochondria. However, it is also possible that alcohol treatment induced ALDH2, which could theoretically increase acetaldehyde metabolism. We measured ALDH2 protein levels by immunoblotting and observed that there was no difference between mitochondria from intragastric alcohol fed and control mice ( Figure 9F ), confirming other studies suggesting no changes in ALDH2 activity occurs with alcohol treatment (15) . Similarly, no differences in ALDH2 levels were observed in isolated mitochondria of mice fed alcohol orally (data not shown). Consequently, increased acetaldehyde metabolism in isolated liver mitochondria from alcohol fed mice is likely due to an enhanced respiration that regenerates NAD + faster, rather than changes in ALDH2 levels.
DISCUSSION
Mitochondrial plasticity in the liver following chronic alcohol feeding to mice
This study demonstrates that mitochondria in the liver are dynamic and adapt to the metabolic stress caused by alcohol feeding. Mitochondrial changes and adaption were greater and more extensive with higher alcohol intake (intragastric feeding) than with lower alcohol intake (Lieber-DeCarli oral diet). Intragastric alcohol feeding was observed to cause four major changes to liver mitochondria including increased respiration, increased mitochondrial NAD + -NADH levels, altered mitochondrial morphology, and increased mitochondrial biogenesis. Oral alcohol feeding, on the other hand, primarily increased mitochondrial respiration and increased mitochondrial NAD + -NADH levels, both at levels much lower than observed with intragastric alcohol feeding.
1) Increased mitochondrial respiration and increased components of the respiratory complexes.
Intragastric alcohol feeding dramatically increased mitochondrial respiration (up to 141% after 2 weeks with intragastric feeding), creating "super-respiring mitochondria". The increase in mitochondrial respiration caused by intragastric alcohol feeding is likely due to a remodeling of mitochondria with increased levels of respiratory complexes I, IV, and V being incorporated into the electron transport chain and possibly due to increased levels of the mitochondrial NAD + -NADH pool. Levels of TFAM were increased confirming that transcriptional activity in mitochondria were dramatically increased with intragastric alcohol feeding. Oral alcohol feeding to mice caused around ~ 30% increase in respiration, which was primarily associated with increased levels of complex I and increases in mitochondrial NAD + -NADH levels. However, given the semiquantitive nature of immunoblotting, small increases to other complexes such as IV may be occurring but are not being detected. Complex I is stoichiometrically at low levels compared to the other complexes, so it is likely that increased expression of complex I contributes to increased mitochondria respiration (41, 42) . Similarly, increased expression of subunits of complex IV has also been shown to increase mitochondrial respiration in cells (43) . The increased expression of respiratory complex proteins was selective, with matrix proteins such as ALDH2 and glutamate dehydrogenase not exhibiting any increase in expression.
The increase in mitochondrial respiration by alcohol treatment occurred even though alcohol feeding induced extensive N-acetylation of mitochondrial proteins. N-Acetylation of mitochondrial proteins is generally believed to inhibit protein activity, including the activity of respiratory proteins, such as complex I (37) . Since N-acetylation of mitochondrial proteins has been previously observed in mice and rats fed alcohol orally, it was believed to play a role in inhibiting mitochondrial respiration. However, our findings show that despite (44), not NADH redox status. Thus, having greater mitochondrial NAD + levels will not inhibit respiration, but could possibly increase availability of NAD + to various mitochondrial dehydrogenases to form NADH. Since mitochondrial levels of the NAD + -NADH pool were increased with both oral and intragastric alcohol feeding, this enhancement of mitochondrial NAD + -NADH levels appears to be an important adaptation to alcohol feeding.
3) Mitochondrial morphological alterations.
Intragastric alcohol feeding caused mitochondria to be more variable, particularly with the formation of longer tubular mitochondria in hepatocytes that contained lipid droplets. This suggests that intragastric alcohol feeding alters fusion-fission rates in mitochondria. Mitochondrial morphological changes were observed primarily in intragastric alcohol fed mice, with oral alcohol causing minimal change. It is therefore possible that mitochondrial morphological changes may be contributing to enhanced respiration observed with intragastric alcohol feeding, possibly through alterations in the cristae surface area (12) . How intragastric alcohol feeding alters mitochondrial fusion-fission rates, and how much morphological alterations affect mitochondrial respiration in the liver requires further investigation.
4) Mitochondrial biogenesis in the liver.
Intragastric alcohol feeding to mice also caused significant mitochondrial biogenesis to occur in the liver. As hepatocytes increased in size, the density of mitochondria in hepatocytes remained constant. Thus the number of mitochondria per hepatocyte increased as hepatocytes enlarged with alcohol feeding. It has previously been shown that hepatocytes increase in size following alcohol intake due to increased levels of proteins, in part due to retention of serum proteins such as albumin in liver (38, 39) . Our work suggests that increases in mitochondrial proteins also contribute to the enlargement of hepatocytes with alcohol feeding. The early increase in PGC-1α, the master regulator of mitochondrial biogenesis, further supports the notion that mitochondrial biogenesis was occurring with intragastric alcohol feeding. It is also possible that a decline in autophagy of mitochondria (mitophagy) could be contributing to the increased mitochondria number caused by intragastric alcohol feeding. With acute alcohol feeding, mitophagy seems to increase in the liver (45) . However the impact of chronic alcohol feeding on the clearance of mitochondria remains to be determined. Recently, it has been suggested that elongated mitochondria, due to their shape, are less susceptible to mitophagy (12) .
Consequently, increase number of mitochondria in hepatocytes with intragastric alcohol feeding could also be due to increased numbers of mitophagy-resistant, elongated mitochondria.
It is likely that the increased mitochondrial biogenesis and increased levels of respiratory complexes in the liver caused by intragastric alcohol feeding are being mediated by PGC-1α. We observed increased levels of PGC-1α following intragastric alcohol feeding, which complements a previous study demonstrating that intragastric alcohol feeding increased PGC-1α mRNA levels (40) . Proteins regulated by PGC-1α, complex I, IV, TFAM, MCAD, and cytochrome c were all observed to increase with alcohol. Although PGC-1α is the master regulator of mitochondrial biogenesis, many other factors have also been shown to contribute to mitochondrial biogenesis and remodeling, including nitric oxide, AMPK, HIF, and NRF-1 (46) (47) (48) . Whether these factors work with PGC-1α to regulate mitochondrial composition and biogenesis following alcohol treatment needs to be further investigated.
Mitochondrial plasticity enhances alcohol metabolism by the liver
The dynamic changes induced in liver mitochondria by alcohol feeding are likely an adaptive response to deal with the metabolic stress caused by chronic alcohol feeding ( Figure  10 ). NAD + is the limiting substrate for alcohol metabolism by ADH in the cytoplasm and acetaldehyde metabolism by ALDH2 in mitochondria (13) (14) (15) . Consequently, an increase in mitochondrial respiration following alcohol treatment can increase NADH oxidation by complex I to enhance alcohol/acetaldehyde metabolism. In support of this notion, we observed that isolated liver mitochondria from alcohol treated mice had a greater capacity to metabolize acetaldehyde. Furthermore, the metabolism of acetaldehyde was still coupled to ADP, therefore completely dependent on mitochondrial respiration. ALDH2 levels were unaltered in alcohol treated mice, suggesting that the greater acetaldehyde respiration and metabolism in isolated liver mitochondria from alcohol treated mice was mainly due to the increased respiration. These findings are in agreement with previous findings demonstrating that acetaldehyde metabolism in mitochondria is rate limited by mitochondrial respiration and not rate limited by ALDH2 (13-15) . Although we were unable to directly show that increased mitochondrial respiration and NAD + formation increases alcohol metabolism by ADH, other studies of ADH kinetics suggest enhancing NAD + cycling by mitochondrial respiration enhances alcohol metabolism by ADH (13, 14) .
Our findings also help to explain why hypoxia may occur in the liver with alcohol feeding (49, 50) . Increased mitochondrial respiration and increases in the number of mitochondria consuming oxygen for alcohol metabolism may underlie hypoxia in the liver with alcohol feeding. Alcohol intake has also been shown to cause a hypermetabolic state (sometimes referred to as a swift increase in alcohol metabolism (SIAM effect)), a condition where oxygen consumption increases within 2-6 hours after a bolus dose of alcohol in mice and rats (13, 51, 52) . The increased oxygen consumption in liver during the hypermetabolic state may be an activation of the spare respiratory capacity of hepatocytes, rather than mitochondrial biogenesis and upregulation of respiratory substrates that would take a greater amount of time. The super-respiring mitochondria and greater number of mitochondria induced by alcohol are likely longterm changes in the liver as it adapts to chronic alcohol intake. These mitochondrial plasticity changes could eventually lead to centrilobular hypoxia, which may contribute to liver injury. Although little data is available in humans, some evidence suggests hypoxia occurs in the liver of alcoholic patients, suggesting mitochondrial plasticity changes may also occur in humans in response to chronic alcohol intake (53) .
Alcohol feeding to mice, in addition to enhancing acetaldehyde metabolism, also increased the β-oxidation capacity of liver mitochondria. We observed that intragastric alcohol feeding to mice increases octanoatedriven respiration and expression of MCAD, an important dehydrogenase involved in β-oxidation, in isolated liver mitochondria. Whether mitochondrial changes such as increased mitochondrial pyridine nucleotide levels are related to the changes in β-oxidation capacity of liver mitochondria remains to be determined. Although the β-oxidation capacity of liver mitochondria increased with alcohol feeding, it remains uncertain whether the β-oxidation rate in intact liver, in vivo, is actually enhanced with alcohol. Previous studies have shown that alcohol feeding induces fatty acid synthesis, through a sterol response element binding proteins-1c (SREBP-1c) regulated pathway (54) . Since, fatty acid synthesis generally inhibits β-oxidation (55), β-oxidation may be inhibited in the liver even though β-oxidation capacity of liver mitochondria increases with alcohol feeding. We speculate that as fatty acids accumulate in the liver, mitochondria develop an enhanced β-oxidation capacity to be able to rapidly utilize fatty acids for energy utilization. In muscle cells, it has been similarly shown that increased fatty acid intake increases mitochondrial β-oxidation capacity (4).
Species differences in mitochondria in response to alcohol feeding
In contrast to the findings in mice, we observed that oral alcohol feeding to rats caused a decline in mitochondrial respiration in agreement with previous results (22) (23) (24) . Why mice and rats respond differently in terms of mitochondrial changes to alcohol is not clear. The mechanism for species difference in response to alcohol will require future investigation. Based on alcohol feeding studies with rats, it has been suggested that mitochondrial dysfunction may be important in mediating alcoholic liver disease. However, our study suggests the opposite; mice with the greatest increase in mitochondrial respiration (intragastric alcohol fed) had the worst liver injury, while oral alcohol feeding had a modest increase in respiration associated with modest injury, and rats, which had a decline in mitochondrial respiration, had the least amount of liver injury. This suggests a correlation between increased mitochondrial respiration and liver injury. We therefore speculate that superrespiring mitochondria may predispose mice to hypoxic injury, and/or possibly are a source of increased reactive oxygen species (ROS) production (56, 57) .
In conclusion, in recent years there has been a greater recognition of the dynamic nature of mitochondria in adapting to stress and metabolic changes. As shown in this work, alcohol feeding induces mitochondrial plasticity in mouse liver, characterized by dynamic changes in mitochondrial number, morphology, and respiratory capacity in the liver. While mitochondrial plasticity changes may lead to pathological consequences, such as hypoxia, our work suggests the relevance of mitochondrial plasticity as an important physiological phenomenon and adaptive mechanism in response to the metabolic demands of alcohol in hepatocytes. The abbreviations used are: ADH, alcohol dehydrogenase; ALDH2, aldehyde dehydrogenase 2; GLUD, glutamate dehydrogenase; medium chain acyl-CoA dehydrogenase (MCAD), PGC-1α, peroxisome proliferator-activated receptor gamma coactivator-1α; ROS, reactive oxygen species; transcriptional factor A (TFAM). Mice were fed alcohol intragastrically for 1, 2 or 4 weeks and liver mitochondria was isolated using a percoll gradient as described in the materials and methods section. State III respiration was measured using either complex I substrates (glutamate/malate, 7.5 mM) or complex II substrate (succinate, 7.5) plus ADP (250 µM) with an oxygen electrode. N = 4-8 mice per group. Results are mean + SD; * p < 0.05 versus control. Alcohol feeding increases protein levels of respiratory complexes in the electron transport chain of liver mitochondria. Solid bars = control; empty bars = alcohol treatment. Mice were fed alcohol intragastrically (1-4 weeks) or orally (5 weeks) and liver mitochondria were isolated using a percoll gradient or differential centrifugation. Mitochondrial protein levels were assessed by immunoblotting. Densitometry was performed using Image J. Complex III was used as the loading control after observing it was not changed with alcohol feeding. N = 4-7 mice per group. Results are mean + SD; * p < 0.05 versus control. . N-Acetylation of mitochondrial proteins were assessed by immunoblotting using anti-sera against N-acetylated lysine proteins. Complex III was used as loading control. Liver mitochondria were isolated using differential centrifugation. Intragastric alcohol feeding increases expression of PGC-1α regulated genes TFAM, MCAD and cytochrome c. PGC-1α levels in liver homogenate and TFAM, MCAD and cytochrome c levels in isolated liver mitochondria were assessed by immunoblotting. Densitometry was performed using Image J. Actin was used as loading control in liver homogenate and Complex III was used as the loading control in isolated liver mitochondria. C. Mitochondrial respiration utilizing octanoate, a medium chain fatty acid, is enhanced in isolated liver mitochondria intragastric alcohol fed mice. State III respiration was measured using octanoate (200 µM) plus ADP (250 µM) with an oxygen electrode. N = 4-6 mice per group. Results are mean + SD; * p < 0.05 versus control. Figure 9 . Isolated liver mitochondria from alcohol fed mice (intragastric and oral fed) have a greater capacity to metabolize acetaldehyde without changes in aldehyde dehydrogenase 2 levels. Control (•) and alcohol feeding (□). Effect of intragastric alcohol feeding (2 weeks) on state III respiration (A) and RCR (B) using acetaldehyde as substrate. Effect of oral alcohol feeding (5 weeks) on state III respiration (C) and RCR (D) using acetaldehyde as substrate. (E) Acetaldehyde metabolism by isolated liver mitochondria from intragastric and oral alcohol fed mice. (F) Aldehyde dehydrogenase 2 (ALDH2) protein levels following intragastric alcohol feeding. Solid bars = control; empty bars = alcohol treatment. Mitochondrial respiration was performed using various concentrations of acetaldehyde as substrate in the presence or absence of ADP (250 µM) using an oxygen electrode. Acetaldehyde metabolism by liver mitochondria was measured by monitoring NADH formation as described in the materials and methods. ALDH2 levels were measured using immunoblotting. N = 5-6 mice per group. Results are mean + SD; * p < 0.05 versus control. # p < 0.05 for intragastric versus oral alcohol fed mice. Figure 10 . Role of mitochondria in alcohol metabolism in the liver. The metabolism of alcohol in the liver is dependent on three major pathways: 1) The conversion of ethanol to acetaldehyde by alcohol dehydrogenase (ADH) utilizing NAD + that occurs in the cytoplasm; 2) The conversion of acetaldehyde to acetate by aldehyde dehydrogenase 2 (ALDH2) utilizing NAD + that occurs in the mitochondrial matrix; and 3) Mitochondrial respiration which oxidizes NADH to regenerate NAD + for alcohol metabolism that occurs in the mitochondrial inner membrane. Both alcohol and acetaldehyde metabolism are rate limited by the availability of NAD + . Thus the rate-limiting step in alcohol metabolism is mitochondrial respiration to regenerate NAD + . Chronic alcohol feeding to mice increases mitochondrial respiration, due to increased levels of complexes I, IV, and V, and thus enhancing the capacity of liver to metabolize alcohol. Increased mitochondrial respiration caused by alcohol may, however, lead to hypoxia in the liver. A. E. Figure 10 
